B ®

NAVAL POSTGRADUATE SCHOOL
Monterey, California

AD-A275 503 D UC
L S e 050

G

THESIS

THE INFLUENCE OF WALL CONDUCTIVITY ON FILM
CONDENSATION WITH INTEGRAL FIN TUBES

by
Robert Lee Cobb
September, 1993

Thesis Advisor: Paul J. Marto
Thesis Co-Advisor: Stephen B. Memory

Approved for public release; distribution is unlimited.

DTIC QU LAy Lvel wl s B

~Ugq-04509

94 ¢ 0o 044 RN




Public reporting burden for this collection of informetion is estimated to average 1 hour per response, including
| the time for reviewing instruction, searching existing data sources, gathering and maintaining the dsta needed,
i and completing and reviewing the collection of information. Send comments regarding this burden estimste or any
other aspect of this collection of informetion, including suggestions for reducing this burden, to Washington
| headquerters Services, Directorate for Information Operstions and Reports, 1215 Jefferson Davvs Highway, Suite
11204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-
i 0188) Washington DC 20503.

11. vy U ooy

3. FERRT TYFE AND DKIES COVERED
Master s Thesis
FONDING NMMBERS

| Y Sgptanberlggs
1 4. mmmmmdmmwmnhm 5.

. PERFORMING CRGANIZATTON NAME(S) AND ALTRESS (ES) 8. PERFORMING CRGANIZATICN
| Naval Postgraduate School FEFCRT NOMEER
Monterey, CA 93943-5000
MONTTORING AGENCY NAME(S) AND ALTRESS (ES) 10,
National Warfare Qarter SPONSCRING/MONTTCRING
Cardercck Division oxie 824
Anapolis, Marvard 21402

11. SFPRNDRY NIES The views expressed in this thesis are those of the author and
do not reflect the official policy or position of the Department of Defense or
the U.S. Govermment.

12a. DISTRIBUTICN/AVAILARILITY STHIEMENT 12, DISIRIBUTEN QIE
Approved for public release; distribution is unlimited. [*A

!
,3. l

Heat transfer pexrfomance of steam an hrianta)l firmed tibes made of ogyper, aluminm,
nickel (90/10), aﬂa:anﬂasatml(ns)vassuzhadmm;amtstngatbd:hmad
axditions. Inbegral fin tubes inclhided coventional ar shaped fins as well as rectangular fins having a
mmm(m,afma:raimse;almhﬂfﬂbﬁnm) All firmed tubes had irer axd ater
diaveters of 12.70m ad 15.88m ively, ard had a fin thidmess of 1.0m and a fin spacing of 1.5mm. The
owerall heat transfer ccefficient (U,) was debexmined experimentally and the attside heat transfer coefficient

(ho)mduanaimlizirganmh.fmmnmctm

i

15. 263
PACES
16.
PRICE QTE
18. 19. 20.

SEOURTTY (IASSIFICKTTON SURTTY CQLASSIFICKTTON LIMIIXTN CF
CF THIS PIGE CF PESTRCT ABSTRRCT
Unclassified Unclassified UN

Standard Foym 298 (Rev. 2-89)
Prescribed by ANSI STD. 239-18




Approved for public release; distribution is unlimited.

The Influence of Wall Conductivity on Film
Condensation With Integral Fin Tubes

by
Robert Lee Cobb
Lieutenant Commander, United States Navy

B.S., Winston-Salem State University, 1979

Submitted in partial fulfillment
of the requirements for the degree of

MASTER OF SCIENCE IN MECHANICAL ENGINEERING

from the

NAVAL POSTGRADUATE SCHOOL
September, 1993

Author: %/2// / %
o C

Approved by:

obb

.

Paulfy. Marto, Thesis Advisor

Sl -
A /.

Stephen B. Memory, Thesis Co-Advisor

/ Matthew D. Kelleher, Chairman
Department of Mechanical Engineering




ABSTRACT

Heat transfer performance of steam condensing on
horizontal finned tubes made of copper, aluminum, copper
nickel(90/10), and stainless steel(316) was studied using a
condenser test rig at both vacuum and atmospheric conditions.
Integral fin tubes included conventional rectangular shaped
fins as well as rectangular fins having a radiussed root
geometry (ie, a fillet radius equal to half the fin spacing).
All finned tubes had inner and outer diameters of 12.70mm and
15.88mm respectively, and had a fin thickness of 1.0mm and a
fin spacing of 1.5mm. The overall heat transfer coefficient
(U,) was determined experimentally and the outside heat
transfer coefficient (h)) was obtained utilizing a modified
Wilson Plot procedure.

Results indicated that the performance of a finned tube
was strongly dependent on the tube material and weakly
dependent on fin geometry. Radiussing the fin root to remove
condensate between fins in the unflooded portion (ie, top
portion) of a finned tube reduced the heat transfer
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performance compared to a conventional rectangular shaped ., 7.

integral fin. Experimental data were compared to the models of CRA&I
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Beatty and Katz as well as to a modified model of Rose. f“??o”ﬁ“d 0
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I. INTRODUCTION
A. BACKGROUND

With the end of the Cold War, the major interest in the
U.S. today is to balance the budget. Part of this process is
the reduction of Naval forces. Technology must be developed
to meet future threats and costs must remain within the
budget. The acquisition of a new system depends primarily on
its total cost. Today the priorities of new major
acquisitions are 1) cost, 2) performance, and 3) time to
become fully operational. Reductions in size and weight have
become increasingly important design considerations in the
development of every component destined for use aboard United
States Navy vessels. Gas turbine propulsion plants have
significantly reduced the weight and space for main propulsion
machinery aboard surface combatants. However, weight
reductions in auxiliary heat exchangers and other 1large
components such as main steam condensers aboard nuclear
submarines have progressed more slowly. The use of heat
transfer enhancement techniques for condenser tubing pursues
this goal. Smaller, more efficient condensers would result in
reductions in initial cost, space and weight requirements, and
perhaps, operating cost. These heat transfer enhancement

techniques can be utilized for other systems as well.




The performance of condenser tubes is determined primarily
from the thermal resistances on the coolant side, across the
tube wall, on the vapor side, and due to fouling. Each
resistance can be reduced to minimize its effect, which in
turn, enhances the overall heat transfer rate of the systemn.
The major or dominant resistance in general is on the inside,
which can be reduced by suitable internal enhancement
techniques. The wall thermal resistance can be reduced by
decreasing the wall thickness or changing the tube material.

Enhancement techniques are categorized into two major
groups, active and passive. Passive techniques include
internal helical ribbing, displaced promoters (the use of wire
mesh or Heatex inserts), and finned surfaces. Active
techniques are the use of devices that add energy to the
system and not are part of this thesis. This thesis will
focus on externally finned surface condenser tubing. Earlier
studies with finned tubing showed little improvement for steam
condensation due to the large amount of condensate retained
between the fins and the underprediction of the heat transfer
coefficient. Better understanding of the two phase heat
transfer phenomena and improved models have renewed the

interest of integral finned tubes for steam condensers.

B. CONDENSATION
Since 1916, researchers have attempted to improve the

simple model of Nusselt to predict the heat transfer




coefficient for condensation on horizontal tubes. Nusselt’s
theory was based on a plain tube, and neglected the effect of
vapor shear. In 1948, Beatty and Katz [Ref. 1) developed an
analytical model to predict the outside heat transfer
coefficient for an integral finned tube. Their model
accounted for the thermal conductivity (efficiency) of the

tube material. Their basic equation is shown below:

3,2 1/4 1/4 1/4
h=0.689 k[pfghfg] 1 1 ] (1.1)
B Atvf Doq

The equivalent diameter, D, , can be calculated from [Ref. 2]

eq

as follows:

1} £ 1 A, 1 .4 1 (1.2)
—{ =1.30n,—=2 +] 2 + Y .
[Doq] CAg M4 TFA, ple Ay DY/
where:
2_pn2
T-g Do D) (1.3)
4D,
(1.4)

A0£=" tAfs'"l fAft *Au




Af‘ 4
A =n Dt (1.6)
A,=nmD.s (1.7)

and 7 is the thermal efficiency of the fins. The Beatty and
Katz model neglects the effects of surface tension of the
condensate and the vapor shear. These forces thin the
condensate film between the fins. Beatty and Katz tested
horizontal integral spiral-finned tubes made from copper and
nickel using a variety of fluids: propane, n-butane, n-
pentane, methyl chloride, sulfur dioxide, and freon-22. These
fluids have small surface tension effects. The predicted heat
transfer coefficients were within +7.2% and -10.2% of the
values determined from the overall heat transfer data.

Rudy and Webb [Ref. 3] developed an analytical model that
predicts the amount of condensate retention on a horizontal
integral finned tube. The model showed that a significant
portion of the surface can be covered by retained condensate.
Honda et al. [Ref. 4] recommended, for rectangular-shaped
fins, the condensate flooding angle ¢ be computed from the

relationship,




o] 40 )
¢-cos‘{pgs£& 1} (1.8)

The condensate flooding angle is measured from the top of the
finned tube as shown in Figure 1.1. For rectangular finned
tubes, retained condensate forms a wedge at the base of the
fin root. This condensate film wedge increases in thickness
from the top to the bottom of the tube. The condensate
flooding angle is the point in which the condensate wedge
covers the entire fin flanks and interfin spacing. The shaded
area, in Figure 1.1, represents the retained condensate wedge.
It is assumed that no heat transfer occurs in the shaded area.
The unshaded areas, in Figure 1.1, are the uncovered fraction
of the fin flanks and interfin spacing for heat transfer. For
a fin spacing of 1.5mm, height of 1mm, and thickness of 1mm,
¢ =~ 82.08° for steam at 100°C. Yau, Cooper, and Rose [Ref. 5]
also Wanniarachchi, Marto and Rose [Ref. 6] studied the effect
of fin spacing and the resulting flooding angle for maximum
vapor-side enhancement. They concluded that for a copper
rectangular integral finned tube, the optimum fin spacing is
~1.5mm for a fin thickness of 1mm and height of 1mm. Masuda
and Rose [Ref. 7] conducted a detailed study of the static
configuration of the retained liquid using equation (1.8).
The observed heat transfer enhancement was higher than

expected and attributed it to the surface tension effects.




Masuda and Rose examined the enhancement ratio for the total
surface area for a rectangular finned and a radiussed root
finned tube. They also studied the active surface area
enhancement using the condensate retention angle to determine
the flooded and unflooded fraction of the fin surface area.
The flooded area was also called the blanked area by retained
liquid. Rose [Ref. 8] modified the Nusselt equation to
account for the gravitational and surface tension forces for
the condensate. The enhancement ratios are based on the same
temperature differential using the blanked and unblanked
fraction of the fin surfaces. However, they did not include
the efficiency of the material.

Due to the complexity of the steam condensation problem
for horizontal finned tubes, no one model has been developed
that correlates the efficiency of the material along with
other effects of the surface tension of the condensate, the
gravity force of the condensate, steam vapor velocities, and

the condensate flooding angle.

C. NAVAL POSTGRADUATE SCHOOL CONDENSATION RESEARCH

This thesis continues the research that was begun under
sponsorship of the National Science Foundation at the Naval
Postgraduate School (NPS). The apparatus constructed by Krohn
[Ref. 9], June 1982, was modified by Swensen [Ref. 10). The
basic operation of the system remained unchanged. Copper

horizontal integral finned tubes of various fin geometries and




tube diameters have been extensively studied at NPS
independently. Rectangular finned tubes were studied by Coumes
[Ref. 11], Van Petten [Ref. 12), and Guttendorf [Ref. 13).
Mitrou [(Ref. 14), in addition to copper, studied copper nickel
and aluminum rectangular fins. Detailed studies are required
comparing different rectangular and fillet radial fins of
different materials. The additional studies will help
determine the best material and fin geometry for a particular

operating systen.

D. OBJECTIVES OF THIS8 THESIS

The main objectives of this thesis are:

1. Obtain repeatable data for steam condensation on
horizontal tubes having rectangular shaped radial fins
made of copper, aluminum, copper nickel, and stainless
steel, showing the effects on the thermal conductivity
of the materials.

2. Compare the data for rectangular shaped finned tubes to
radiussed root finned tubes to examine the influence of
the radius on the enhancement for each material.

3. Compare the experimental data to the predicted values
using existing theoretical models of Beatty and Katz
{Ref. 1]Jand Rose [Ref. 8].
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Figure 1.1 Schematic of Condensate Retention Angle on

Finned Tubes and Condensate Wedge (illustrated
by the gray sections)




II. LITERATURE SURVEY

A. CONDENSATION

Condensation has been intensely studied as a heat transfer
mechanism. The developments in condenser tubing and compact
electronic equipment <continued the requirement for
experimental and theoretical research in this field.

There are two fundamental modes of condensation, filmwise
and dropwise. Dropwise condensation, as its name states, is
the condensing of the vapor into discrete liquid droplets on
the surface. As the droplets grow, they coalesce until they
are large enough to be removed by gravity or vapor shear.
Filmwise condensation creates a continuous liquid film over
the entire surface area. The heat transfer rate for the tube
is reduced due to the relatively thick condensate film
thickness. Dropwise condensation can produce a heat transfer
rate as much as an order of magnitude larger than that
associated with filmwise condensation. Since the heat
transfer rate is 1lower for the filmwise condensation,
condenser design calculations are normally based on this more
conservative mode of condensation ([Ref. 15]. Complete
filmwise condensation may be difficult to produce. The tube
must be free of o0ils, greases and non-wetting chemical

deposits.




B. HEAT TRANSFER CORRELATIONS
The heat transfer coefficients for condensation on
horizontal tubes are difficult to accurately predict. A
suitable theoretical model must be developed and utilized.
1. Horiszontal Smooth Tubes
Nusselt [Ref. 16] developed the foundation for the
study of filmwise condensation on horizontal tubes in 1916.
His correlation was developed for a quiescent vapor condensing
on a single horizontal tube. He neglected shear forces and
the thermal conductivity of the tube material. The shear
forces of the liquid cause the condensate film to increase in
thickness from the top of the tube to the bottom. Gravity
force assists in draining the condensate around the sides of
the tube circumference. The heat flux changes around the
circumference of the tube with the maximum heat flux at the
top of the tube where the film is the thinnest with no heat
transfer at the tube bottom where the film is the thickest.
Nusselt’s equation for the average outside heat transfer

coefficient around the tube is the following:

\ 1/4
kegpe(pepy)

B Do (Tgae=Tyo)

h,=0.728 (2.1)

where the fluid properties are evaluated at the film

temperature, defined as:
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Nusselt’s theory has been extensively studied since
1916. Even with his simplifying assumptions, his work has
been found to be generally valid [Ref. 17, 18]. His theory
was also found to be accurate for cases which do not conform
to his original assumptions, such as variable wall temperature
(Ref. 19]. One of the major problems in applying Nusselt’s
theory in the design of condensers is the assumption of a
quiescent vapor. While in theory the assumption of a
stationary vapor can be justified, steam condensers operate
under conditions where the vapor is travelling at some
velocity.

With the vapor in motion, shear forces are developed
which thin the condensate film and increase the outside heat
transfer coefficient. Early theoretical work by Shekriladze
and Gomelauri ([Ref. 20]) accounted for vapor shear forces.
They assumed that the primary contribution to the surface
shear stress was due to the change in momentum across the
liquid-vapor interface. This resulted in the following

equation to approximate the mean Nusselt number:

NU__0.64(1+(1+1.69F)/2)1/2 (2.3)

Rex§?
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where:

D
= g. o“l‘htg (2.‘)
Ueke(Tope~Too)
and the two phase Reynolds number is given by:
U,
Reyy= p‘p‘f'% (2.5)

Lee and Rose [Ref. 21] compared vapor shear models with
experimental results and found that the Shekriladze-Gomelauri
results were more conservative than other researchers due to
their simplified approximation for the interfacial shear
stress. Fujii et al. [Ref. 22], in a more recent study,
performed an extensive development of the shear forces on the
outside of a horizontal tube. From experimental data, they
also developed a simple empirical formulation for the
condensation of steam on a horizontal tube which includes

vapor velocity effects:

£=0.96F1/5 (2.6)

Rej{?

where F and Re,, are defined in equations (2.4) and (2.5). For

situations where the surface shear forces dominate, as for
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steam, equation (2.6) more accurately predicts the vapor side
heat transfer coefficient than equation (2.3).

As discussed previously, the primary modes of external
tube enhancement covered in this study are rectangular fins
and fillet radius fins. There are advantages and
disadvantages for each depending on the environment or
operating conditions in which the tube is to be used.

2. Rectangular-ghaped Finned Tubes

Fins can be attached to the surface of smooth tubes to
increase the heat transfer between the surface and the vapor
medium. The enhancement is due primarily to the increase in
surface area. The fins also channel the flow of the
condensate. As the condensate forms and travels to the root
of the fin, it’s film varies in thickness. The film at top of
the fin is generally thinner than at the botton. This
thinning increases the heat transfer rate of the tube. Part
of the increase in enhancement is therefore caused by the
surface tension of the condensate and the vapor shear forces.

The fins used by Beatty and Katz [Ref. 1] were spiral.
However, their theory applies for rectangular-shaped annular
fins. The efficiency equation used by Beatty and Katz ([Ref.
1) was not listed, but the efficiency for a rectangular-shaped
annular fin can be used (equation (2.7)) from [Ref. 23]:

n,=—V2/% I, (R,E) K (RE) -I, (R,E) K, (R,§) (2.7)
E1+r, /1) | I, (RO K (RE) +I, (RE) K, (RE)
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where:

§=L ATTRAY (2.8)

A=28L, (2.9)
R,=y2/(1-R,/R,.) (2.10)
R=(R,/R,.) R, (2.11)

where L. is the corrected length of the fin determined by:

L=L+t/2 (2.12)
_t
d=3 (2.13)

Equation (2.7) assumes an adiabatic fin tip (no heat transfer
through the fin tip). Figure 2.1 is a sketch of an annular
fin of rectangular profile used to defined the dimensions in
the above equations. The efficiency of finned tubes not only
depends on the tube material but also the fin tube geometry.
Figure 2.2 illustrates the change in efficiency of a fin as
the geometry and the thermal conductivity of the material
changes. The higher the thermal conductivity of a material,

the higher the efficiency of the material.
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Gregorig [Ref. 24) discovered that fins generated a
surface tension force which tended to thin the condensate at
the tip and thicken it between the fins. Masuda and Rose
(Ref. 6] examined condensate retention on horizontal finned
tubes. They defined an enhancement ratio for the increase in
surface area by dividing the total surface area of a
rectangular-shaped fin by the area of a smooth tube of the
root diameter:

_Rb+(R3-R?) +R,t

2.
CTJ Rt(b"’t) ( 14)

The first term in the numerator is the area for the interfin
space, the middle term is the fin flank surface area, and the
third term is the fin tip surface area. The condensate
flooding angle equation (1.8) was used to determine the
fraction of the fin flank and tip area blanked by the
condensate film. They defined an "active area enhancement"
for a rectangular-shaped finned tube by dividing the unblanked
finned tube surface area by the surface area of a smooth tube
of root diameter. It is given by equation (2.15):

_RbH(1-£,)+ (RZ-R2)$(1-£,) +xR,t

Can AR, (D+C) (2-13)

The first term in the numerator is the unblanked area of the

15




interfin space, the middle term is the unblanked area of the
fin flanks, and the third is the fin tip area. The tip was
assumed to be free of condensate. The fraction of the
unblanked surface areas covered by condensate is given by:

For the interfin space,

£<f_20 }tan(é/2) , 2.16
‘(pgxrb o ) (2.16)

and for the fin flank,

[ o tan(¢/2) .
f’(pgﬂrh)( ) ) (2-17)

Honda et al [Ref. 25] and Adamek and Webb [Ref. 26]
have formulated models for film condensation on horizontal
finned tubes, but they are difficult to use. Recently,
Briggs, Wen, and Rose [Ref. 27] conducted a detailed review of
the accuracy of various models to measure heat transfer for
condensation on horizontal integral finned tubes. The simple
model of Beatty and Katz [Ref. 1] does not account for surface
tension effects. The Adamek and Webb model [Ref. 26] included
an approximate surface tension effect and the result was an
improved enhancement prediction. They concluded the best
model to predict the heat transfer measurements is the Honda

et al model [Ref. 25) which accounts for both the condensate
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flooding and the enhancing effect of surface tension drainage
from the fins. This is the most accurate model for predicting
the heat transfer measurements for steam condensation on
horizontal integral finned tubes. However, the model is very
complex which limits its use. Rose [Ref. 8] proposed a "“very
simple model" to approximate the vapor side heat transfer
coefficient for condensation on low integral finned tubes.
His model included surface tension and condensate flooding,
but neglected the resistance due to conduction in the fin
material. Rose [Ref. 8] formulated a simpler semi-empirical
equation for calculating the vapor-side enhancement ratio for
condensation on low-finned tubes. His equation accounts for
the condensate flooding angle, as well as gravity and surface
tension effects. He noted that if the ratio of acosb/(pngo)
is greater than 0.5, the interfin space is fully flooded and
the condensate retention angle is zero. The Nusselt theory
was modified by replacing the fin height with the vertical fin
height determined from equation (2.18) or (2.19).

For ¢ < m/2:

h,=hésind (2.18)

For ¢ 2 n/2:

h,=h¢/(2-sin¢) (2.19)
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The enhancement ratio for the same AT was determined by
dividing the heat transfer rate of the finned tube (with
blanked areas) by the heat transfer rate of a smooth tube of

the same root diameter and AT:

_0J/AT 0,
zAT m—z. E (2.20)

where the heat transfer rate for the rectangular finned tube

is,

n {D3-D?)
2

1-f
0D, tq,+ |20 gt (1-£,)aD,sq,|  (2:21)

and the heat transfer rate of a smooth tube of root diameter

D, was determined from Nusselt theory,

QS:nDt(S+t) Qnuss* (2.22)

In the above expressions, the heat transfer fluxes are:

Nusselt theory, for a smooth tube of root diameter D :

3IATI 1/4
qnu,,=o.728[p—h‘2{;ﬁ'—-%7] (2.23)
I

for the fin flanks:

18




1/4
q,=[ pb,gk’A:r"[o.943‘gsg+ B:OH (2.24)
m h, h?

for the interfin space:

thg-ksAp[ (E(Q))’pg,BﬂHm (2.25)

q’ =[ u D: ] 3

where {(¢), the mean condensate film thickness from the top of

the horizontal tube to the condensate flooding angle ¢ is;

E(d)=0.874+0.1991x102¢-0.2642x1071¢?+0.5530x1072¢*-0. 1363x107%¢*

(2.26)
for the fin tip:
1/4
g, Ph AT 0.72845g, B.O (2.27)
m D, e’
20 tan(¢/2
fe oo (4‘?/ ) (2.28)
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(2.29)

tan(¢/2)
&)

f,=(

40
PgD, s

Using the above relationships, the enhancement ratio for

constant (AT) can be rearranged into equation (2.30):

D, ¢ $ D;-D; ¢ s
=2 -f) |2t - T
“ar” D, Ts+0) Ter (2750 2D, (s+t) Terg (17241 By (s+t) °*®
(2.30)
where
1/4
1,5 Dry _BeCe (2.31)
D, 0.728%
G =22 (2.32)
pst?
1/4
I}=[° 943rf§+ BG, (2.33)
0.728| h, 0.728°%
Gp= o (2.34)
pgh’
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< LE8())°, BsCs M (2.35)
*10.728* o0.728¢| '

and

(2.36)

Note that this enhancement model neglects the conductivity of
the fin material and requires the specification of four
coefficients B,, B;,, B, and B,. Rose compared calculated
values from equation (2.30) to existing experimental data for
a copper fin tube using R-113 and steam condensing vapors.
After extensive curve-fitting, the constants were determined
to be B,=2.96 and B= B= B,= 0.143. For steam, the theoretical
enhancement values were within ~25% of the experimental
enhancement results.
3. Radiussed Root Finned Tubes

Radiussed root fins are rectangular shaped fins with
the sharp base corners removed. Figure 2.3 shows the
radiussed root finned tubes and the rectangular shaped finned
tube used in this study. The finned tube root was rounded
with a radius equal to half the fin spacing. Radiussed root
finned tubes have less total surface area than rectangular

shaped finned tubes. Masuda and Rose [Ref. 7] defined the
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total surface area enhancement of a radiussed root finned tube

. [Rg —(R’+§)zl+n7b[R'+'222(1'%)]”%" (2.37)
i R, (b+t)

However, by radiussing the fin root, there is no condensate
wedge at the base of the fin that occurs in rectangular fins.
Thus, more of the surface area remains "active". They defined

the "active area enhancement" as:

€rx [R2-{re 3 ) Y R) R B 2 B R (2.38)

R, (b+t) '

Briggs, Wen and Rose [Ref. 28] continued the investigation of
the effect of radiussed root for rectangular shaped finned
tube. They tested two radiussed root tubes and two
rectangular shaped finned tubes made of copper. With a high
thermal conductivity material, they expected a large increase
in experimental enhancement due to the increase in the "active
surface area" for the radiussed root tube. The enhancement
ratio of the "active surface area" for a radiussed root tube
(€,r) and a rectangular finned tube (¢,,), (€, / €,,), was 1.53

for steam with a 1.5mm fin spacing and 1.42 for a 1.0mm fin
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spacing. The enhancement ratio for the 1.0mm fin spacing
agreed well with the experimental enhancement heat transfer
ratio ( €, ./ €,) of 1.33, but the experimental heat transfer
enhancement ratio for the 1.5mm fin spacing was only 1.09.
They felt the small corresponding increase in enhancement for
the 1.5mm spacing seemed somewhat anomalous and intend to

repeat the data.
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Figure 2.1 Schematic of Annular Fin

of Rectangular
Profile
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vardVaravara:

for Finned Tubes Tested (a)

Figure 2.3 Dimensions
rectangular shaped finned tube D.= 13.88mnm,
h= 1.0mm, s= 1.5mm, and t= 1.0mm; (b) deep
radiussed root finned tube D,= 13.88mm,
h= 1.0mm, s= 1.5mm, t= 1.0mm, and b= 0.75mm;
(c) shallow radiussed root finned tube
D= 14.38mm, h= 0.75mm, sS= 1.5mm, ¢t= 1.0mm,
and b= 0.75mm
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IIXI. EXPERINENTAL APPARATUS

A. BYSTEM OVERVIEW

The apparatus is basically the same as designed by Krohn
(Ref. 9] and modified by Swensen [Ref. 10). Figure 3.1 is a
schematic of the test apparatus. The boiler is fabricated
from a .3048m diameter Pyrex Glass tube with ten 4-kw, Watlow
immersion heaters. The boiler can be filled by gravity drain
or vacuum drag from a distilled water tank through a
fill/drain valve. The steam travels vertically from the
boiler section into a 2.13m long section of Pyrex tubing, with
a diameter of 0.15m. It then travels through two 90° elbows
that act as a moisture separator and direct the flow down to
the stainless steel test section. The Pyrex glass sections
are insulated to reduce the heat lost to the environment.

The test section is fitted with openings for Teflon and
nylon seals which support the horizontal tube and provide the
coolant flow path. Figures 3.1 and 3.2 illustrate the cooling
flow path and the temperature probes. Cooling water is
provided to the test tube via two positive displacement
centrifugal pumps. The pumps discharge to a flowmeter via a
common line. Cooling water flow was controlled by a throttle
valve up stream of the flowmeter. Temperature in the sump is

controlled by supplementing tap water. The cooling water sump
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serves two purpose, 1) to provide the coolant for the test
tube and 2) to provide a heat exchanger for the vacuum line.
Excess steam, the steam not condensed by the horizontal tube,
flows across the auxiliary condenser.

The auxiliary condenser section is also fabricated of
Pyrex glass. Ambient temperature water which flows through an
internal copper tube was used to condense the remaining steam.
A suction port is located in the bottommost part of this
section to remove air and other non-condensible gases. These
gases are expelled to the atmosphere via a vacuum line to a
plexiglas tank connected to the vacuum pump. A layout of the
purging system is shown in Figure 3.3. Gravity drains the

condensed steam back to the boiler.

B. BSYSTEM INSTRUMENTATION

The power for the immersion boiler is provided by a 440
Volt silicon controlled rectifier mounted within the
electrical switchboard. Figure 3.4 is a line diagram of the
power supply. A feedback loop was installed to maintain a
constant power supply to the boiler. Part of the voltage was
used for an emf sign for a pressure conversion. This was one
of the three means to determine the pressure in the test
section. The other two are 1) a Setra model 204 pressure
transducer and 2) a direct reading from a Heise pressure gage

(this was used only as a visual reference).
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The vapor temperature was measured by a Type-T
thermocouple located upstream of the horizontal tube being
tested or calculated as a function of the voltage reading from
the pressure transducer. Cooling water temperatures were
calculated from the inlet and outlet temperatures of the flow
through the test tube. The temperature differential of the
cooling water used was either from a Teflon coated Type-T
thermocouple, a ten junction thermopile, or a HP 284A quartz
crystal thermometer. The 1location of the probes are
illustrated in Figures 3.1 and 3.2.

An HP-3497A data acquisition system links the voltage
readings from the various elements to an HP-9826A computer,
except for the quartz thermometer which is read directly. The
HP-9826A computer used the program "DRPALL", 1listed in
Appendix A, to collect, process and store data. The computer
stepped through the voltage output channels of the acquisition
unit and used it’s internal functions to convert the emf

voltage signal into useful data.

C. TUBES TESTED

A total of fifteen tubes were manufactured for this
thesis, thirteen finned tubes and two smooth tubes. The
finned tubes were made of copper, aluminum, copper nickel
(90/10) ,and stainless steel (316). There were three types of
finned tubes:
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1. Type I, standard rectangula